Abstract--Clay minerals and zeolites, candidate backfill minerals for nuclear waste repositories, were treated with saturated NaC1 brine and Mg-rich (Mg-Ca-Na-K) brine at 200~ and 300~ for 4 weeks under a confining pressure of 30 MPa. The AI concentrations released in NaC1 brine were lower than those in Mg-rich brine at both temperatures indicating that the Mg-rich brine is more acidic than the NaC1 brine under these hydrothermal conditions. The Si concentrations in both brines were low because of the relatively acidic conditions developed during the hydrothermal treatment. As determined by X-ray powder diffraction or by specific Cs and Sr sorption measurements, no alteration could be detected in clay minerals treated with NaCI brine at 200~ Among the zeolites tested, only phillipsite and erionite altered to analcime in NaCI brine at 200~ Zeolites and most of the clay minerals tested did not alter in the Mg-rich brine treated at 200~ Vermiculite altered to randomly interstratified vermiculite/Kvermiculite (mica-like) by selective K uptake from the Mg-rich brine.
INTRODUCTION
Clay minerals and zeolites are candidate backfill minerals for nuclear waste repositories located in a variety of geological environments, such as salt, basalt, tuff, granite, and shale. The term backfill is applied to that material used to fill boreholes, mine shafts, and tunnels of a repository (see Gonzales, 1982 , for details of a mined repository) when the repository is sealed. It has also been used to describe a possible component of the waste package in a multibarrier system of nuclear waste disposal. One concept of a waste package is given in Figure 1 .
To distinguish between the 'backfill' used to fill mine shafts, tunnels, and boreholes and the 'backfill' of the waste package, the term 'overpack' has been used for the latter (see Komarneni and Roy, 1980) . The terminology proposed by the U.S. Department of Energy (1980) does not distinguish between these two types of backfill; their terminology is illustrated in Figure 1 . The overpack in Figure 1 is another canister made of an alloy such as TiCode 12 (ASTM grade 12 titanium, 0.8% Ni and 0.3% Mo), whereas the backfill is a mixture such as bentonite + sand. The primary functions of various types of backfill are: (1) to minimize or exclude the migration of groundwater between the host Copyright 9 1983, The Clay Minerals Sociely rock and repository rooms or the waste canister system, (2) to control the Eh, pH, and chemical composition of the groundwater within the repository environment, and (3) to retard the migration of 'leaked' waste elements in the groundwater. The list of potential backfill materials includes expanding clays (bentonites), such as sodium or calcium montmorillonites, natural and synthetic zeolites, desiccants such as CaO and MgO, quartz sand mixed with bentonites, and powdered metals. These backfill materials may be used singly or in combination, and the nature of the backfill may vary with the geological formation.
In a salt repository, as in all potential repositories, geochemical interactions of the rock, backfill, and water may take place during the thermal period (Cohen, 1977) . These interactions may take place under hydrothermal (hot, pressurized, and closed-system conditions) conditions (McCarthy et al., 1978) during the thermal period. If backfill minerals which have been selected for their attractive sorptive and/or swelling properties alter by interaction with brine prior to leakage of radioactive ions, the very purpose of using them may be lost. The objective of this paper is to investigate the alteration of backfill minerals in simulated salt-repository brines under hydrothermal conditions. Brine inclusions in Clays and Clay Minerals halite as well as water in the backfill materials (clay minerals and zeolites) facilitate aqueous conditions in a salt repository. Closed-system experiments have been used in which the solid-liquid reactivity was investigated in gold capsules. Intrinsic variables such as Eh and pH varied with the bulk chemical composition and temperature conditions; however, no attempt was made to measure these two parameters. The redox potential, Eh is particularly difficult to control because gold is porous for H2 generated (Komarneni, 1981) in the autoclaves. These experiments of short duration provide trends in the alterations of backfill barriers prior to the leakage of waste ions from canisters.
EXPERIMENTAL

Materials
Ten samples of clay minerals and zeolites (cation exchangers) were used in the present study. The source and/or location of all samples are given in Table 1 . The montmoriUonites were pulverized and homogenized by the supplier. These two standard montmo- rillonites were used without size separation. The vermiculite sample was wet ground in a blender and sieved to obtain a 50-177-~m size fraction. The zeolites were supplied at -200 mesh (< 75 ~m) powders. X-ray powder diffraction (XRD) analysis of dried suspensions of the untreated samples was carried out with a Philips diffractometer using Ni-filtered CuKc~ radiation. The Mg-rich brine and NaC1 brine used here are similar to the brines for Waste Isolation Pilot Plant (WIPP) experiments, WlPP 'A' and WIPP 'B' brines respectively (Nowak, 1980) .
Methods
To simulate the interactions of brines with backfills in a salt repository, 100 mg of each backfill mineral was loaded into a gold capsule, 200 ~1 of a Mg-rich brine (designated as NBT-6a brine and composed of 10% MgCI2, 10% CaC12, 50/0 KC1, 5% NaC1 and 700/0 H20; Mg-rich on a normality basis) or saturated NaC1 brine was added, and the capsule was sealed by coldwelding (Komarneni et al., 1979) . The sealed gold capsules were treated hydrothermally in autoclaves at 200 ~ and 300~ for 4 or 12 weeks under a confining pressure of 30 MPa.
After the hydrothermal treatment, the gold capsules were weighed to check the integrity of these closedsystem type of experiments. The gold capsules devoid of any leaks were cut and opened with a scissors in a glass vial, 25 ml of distilled water was added while washing the scissors, and then the gold capsules with samples were shaken to remove the sample from the gold capsule. The solid and solution phases were separated by centrifugation, and the solutions were analyzed for Si and A1 by atomic emission spectroscopy (AES) using a computer-interfaced SpectraMetrics SpectraSpan III instrument. The solid samples were washed free of excess salt with water and 95% acetone, dried in an oven at 45~ and subjected to XRD analysis to determine the mineralogical alterations produced by the hydrothermal treatments.
The XRD detection limit is too high to detect minor phases produced in the cation exchangers. More sensitive ways to detect alteration are total cation exchange or a selective cation-sorption measurement. Measurements of the total cation-exchange capacity are somewhat time consuming and not as relevant as selective cation-sorption measurements in the case of a salt repository because of the pressence of large concentrations of Na + and other ions. Therefore, selective cation-sorption measurements were made in this study. Selective Cs-and Sr-sorption is defined here as the amount of Cs and Sr ion exchange from a 0.04 N NaNO3 solution 9 Twenty-five milliliters of 0.04 N NaNO3 solution containing 0.0002 N CsC1 and 0.0002 N SrC12 was added to either the untreated or hydrothermally altered samples, and the mixtures were equilibrated for 24 hr at 25~ The solid and solution phases were separated by centrifugation. The amounts of Cs and Sr adsorbed were estimated by determining the Cs and Sr concentrations remaining in solution and reported as K~ values. Ko is a distribution coefficient and is defined as the ratio of the amount of Cs sorbed per gram of solid to the amount of Cs remaining per milliliter of the solution (see Tamura, 1972 , for details of Ko). No replicates were used in the hydrothermal and ion-exchange studies. Cs in solution was determined by atomic absorption spectrophotometry (AAS) using a Perkin Elmer PE703 instrument with electrodeless discharge lamp. Strontium in solutions was determined by AES.
RESULTS AND DISCUSSION
Alterations of clay minerals and zeolites in saturated NaCl brine
The mineralogical alterations of clay minerals and zeolites under hydrothermal conditions of 200 ~ and 300~ and 30 MPa pressure in NaC1 are presented in Table 2 . At 200~ no alteration of the two montmorillonites and vermiculite could be detected in hydrothermal NaC1 brine by XRD. Among the zeolites, phillipsite completely altered to analcime, whereas erionite altered to analcime only slightly in this brine at 200~ ( Table 2 ). The high activity of Na § in this brine drives the phillipsite ~ analcime reaction to the right (Taylor and Surdam, 1981) . No mineralogical changes could be detected in the mordenite, clinoptilolite, and chabazite samples when these zeolites were reacted with NaCI brine at 200~ and 30 MPa pressure. At 300~ the Texas montmorillonite altered slightly to albite ( Figure  2 ) but the Wymong montmorillonite did not. Vermiculite did not seem to change in this brine even after treatment at 300~ Most of the zeolites transformed to analcime and/or albite (Table 2 ) at 300~ and 30 MPa pressure. This type of alteration was reported by Surdam (1977) . The two mordenites and the Idaho clinoptilolite did not alter, probably because these zeolites are siliceous and siliceous zeolites are generally resistant to alteration (Breck, 1974) .
Specific sorption of Cs and Sr by minerals treated hydrothermally in NaCl brine
Clay minerals and zeolites specifically exchange ions such as Cs and Sr; therefore, alteration of these materials can also be detected by a change in their selective sorption properties. Specific sorption of Cs and Sr by the various hydrothermally treated minerals is given in Table 3 . Selective Cs sorption decreased only for phillipsite among all of the minerals that were hydro- .,., ,,.., Kd is a distribution coefficient and is defined as the ratio Cs remaining per milliliter of the solution.
2 Source, locations listed in Table 1 .
of the amount of Cs sorbed per gram to the amount of unsorbed thermally treated at 200~ because it altered to analcime (Table 2 ), a zeolite with ~2.2-A windows that does not easily exchange (Balgord and Roy, 1971 ) its cations. The Cs-sorption K~ decreased from 11,700 for untreated phillipsite to 240 for phillipsite treated at 200~ and 30 MPa pressure. With the rest of the minerals, specific sorption either remained the same or increased slightly. The increase of specific sorption by these minerals can be attributed to a change in the nature of the exchangeable ions in these minerals by the hydrothermal treatment in NaC1 brine, i.e., the natural cations, such as K, Ca, and Mg in these minerals (for example, the Idaho clinoptilolite contained 4.23% Na20, 1.54% K20, and 0.60% CaO, whereas the Nevada phillipsite contained 5.12% Na20, 5.62% K20, and 0.10% CaO), were displaced by Na which competes less with Cs than either K or Ca or Mg (Ames, 1960 (Ames, , 1961 (Ames, , 1963 Tamura and Jacobs, 1961) . The increased Cs sorption is a result of Na saturation of exchange sites and would be expected even at room temperature. Specific Cs-sorption increased in both montmorillonites which were hydrothermally treated in NaC1 brine at 300~ presumably for the same reason as given above. The specific sorption K~ of Cs decreased from 8900 in the untreated vermiculite to 990 in the vermiculite which altered hydrothermally at 300~ probably because of partial chloritization by the hydrolysis of natural Mg 2+ in the interlayers. XRD, however, did not reveal any mineralogical alteration, whereas specific Cs-sorption measurement indicated alteration of this mineral by hydrothermal treatment at 300~ Specific Cs-sorption decreased (Table 3) with most of the zeolites which were hydrothermally treated at 300~ in NaC1 brine because of transformation to analcime and/ or albite. Specific Sr-sorption (Table 3) by the hydrothermally treated minerals closely paralleled that of the Cs sorption and can be explained similarly.
Alterations of clay minerals and zeolites in Mg-rich brine
The alterations of clay minerals and zeolites in Mgrich brine under hydrothermal conditions are given in Table 2 . The montmorillonites do not seem to alter in this brine at 200~ as detected by XRD. The vermic- ulite which has a high layer charge selectively adsorbed K from the Mg-rich brine (which contained substantial KC1) and transformed to randomly interstratified vermiculite/K-vermiculite (mica-like) with an average basal spacing of 12.6 ~. The transformation of vermiculite to K-vermiculite would decrease the cation-exchange capacity and selective ion sorption because interlayer K from K-vermiculite is not easily exchangeable. No alteration could be detected by XRD in any of the zeolites which were treated hydrothermally in this brine at 200~
Montmorillonite from Texas seemed to alter slightly in the Mg-rich brine at 300~ to cristobalite and randomly interstratified montmorillonite/illite (60:40) (Figure 2 ; Table 2 ). On the other hand, montmorillonite from Wyoming did not seem to alter by hydrothermal treatment at 300~ for 4 weeks (Table 2) or even after 12 weeks. The difference in reactivity between the two montmorillonites is not clear but may be attributed to a difference in their A1 contents. Montmorillonite from Wyoming is more aluminous than the montmorillonite from Texas (van Olphen and Fripiat, 1979) and therefore the former is probably more stable than the latter under acidic conditions. The high-charge vermiculite collapsed to ~ 10.2 ~ to form K-vermiculite by selective uptake of K § ions from the Mg-rich brine. Zeolites, except for mordenites, altered to smectite (Table 2; Figure 3 ) in the Mg-rich brine at 300~ and 30 MPa pressure. This alteration is likely as a result of acidic conditions generated by the hydrolysis of Mg to form brucite (Komarneni, 1981) . H+-saturation of the zeolite was probably followed by decomposition of the zeolitic framework and recrystallization to smectite. Experiments are presently underway to test this hypothesis ofsmectite formation. Acidic pH develops in highly saline solutions at elevated temperatures because of changes in hydrolysis constants and the association of ion-pair complexes, and the pH may decrease to about 3 in Mg-rich brine at 300~ (Claiborne et al., 1980; Braithwaite and Molecke, 1980) . Indirect evidence of the development of acidic conditions in the Mg-rich brine is provided by the release of substantial concentrations of Al into solution (Table 4) when these minerals were treated in the brines. More A1 was released in the Mg-rich brine than in the NaCI brine under the same hydrothermal conditions because the Mg-rich brine is much more acidic than the NaC1 brine (Braithwaite and Molecke, 1980) . On the other hand, when these backfill candidates were treated under hydrothermal conditions the concentrations of Si in solution were very low in the acidic hydrothermal brines (Table 4) because silica is less soluble in acidic concentrations.
Specific sorption of Cs and Sr by minerals treated hydrothermally in Mg-rich brine
The specific sorption of Cs by all of the minerals treated hydrothermally decreased (Table 5) because of mineralogical alterations (Table 2 ) and/or change in the charge-balancing cations in these minerals. For example, K + was selectively sorbed from the Mgrich brine by the vermiculite, which collapsed to form K-vermiculite (randomly interstratified with vermiculite at this temperature). The formation of K-vermiculite led to a decrease in the specific Cs-sorption because interlayer ions in K-vermiculite are not easily exchangeable. Zeolites are also selective for K § (Ames, 1961) and therefore, they may have been saturated with K + during the hydrothermal treatment with the Mgrich brine at 200~ The K + ions in the hydrothermally treated zeolites compete much better with Cs + than the natural cations (mainly Na +, Ca 2+, and K +) present in the untreated zeolites (Ames, 1960 (Ames, , 1961 (Ames, , 1963 and therefore, the selective Cs-sorption decreased at this temperature. I~ is a distribution coefficient and is defined as the ratio Cs remaining per milliliter of the solution.
of the amount of Cs sorbed per gram of solid to the amount of At 300~ selective sorption ofCs + by all of the minerals hydrothermally treated in the Mg-rich brine decreased (Table 5 ) because of the mineralogical alterations (Table 2 ). For example, K-saturation and collapse to form K-vermiculite drastically reduced the Cs sorption of the vermiculite sample. The Cs-sorption K~ decreased from 8900 in the untreated to 400 in the altered vermiculite. Zeolites such as phillipsite, erionite, and chabazite, altered almost completely to smectite in this Mg-rich brine and thus the overall Cs sorption did not decrease as much as it did when these zeolites altered in NaC1 brine to form albite. Albite has little cation-exchange capacity, whereas montmorillonite has a substantial cation-exchange capacity and can selectively adsorb Cs (Tamura and Jacobs, 1961; Tamura, 1972) . Phillipsite is interesting because at 300~ the smectite alteration product has about the same specific Cs-sorption capability as the untreated montmorillonites (Table 5 ), The specific sorption of Sr by the untreated and hydrothermally altered minerals seem to parallel the specific sorption of Cs at both the temperatures of hydrothermal treatment.
CONCLUSIONS
These data clearly illustrate relative stabilities, and the consequent changes in sorption capabilities of different candidate backfill materials under simulated repository conditions. Clay minerals and zeolites altered to various extents in either saturated NaC1 brine or Mg-rich brine under hydrothermal conditions which may be expected in a salt repository for nuclear waste. Vermiculites altered to interstratified vermiculite/Kvermiculite or K-vermiculite (collapsed vermiculite) in brines containing K +. Most of the zeolites altered to analcirne and/or albite in the saturated NaC1 brine but altered to smectite in the Mg-rich brine. Montmorillonites and mordenites seem to be somewhat more resistant to alteration than the other candidate backfill materials and therefore, may serve as a good backfill in the waste package in a salt repository. Based on their ion-sorption properties, zeolites would in general perform better at lower temperatures at some distance from the heat source; Le., as a backfill for boreholes, mine shafts and tunnels, and both clay minerals and zeolites are likely to have applications in some portions of the repository tunnels and seal system.
